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1 Introduction
Silicon carbide is a promising cladding material because of its high strength and relatively good

corrosion resistance. However, SiC is brittle and therefore SiC-based components need to be carefully
designed to avoid cracking and failure by fracture. In design of SiC-based composites for nuclear reactor
applications it is essential to take into account how mechanical properties are affected by radiation and
temperature, or in other words, what strains and stresses develop in this material due to environmental
conditions. While thermal strains in SiC can be predicted using classical theories, radiation-induced
strains are much less understood. In particular, it is critical to correctly account for radiation swelling and
radiation creep, which contribute significantly to dimensional instability of SiC under radiation. Swelling
typically increases logarithmically with radiation dose and saturates at relatively low doses (damage
levels of a few dpa). Consequently, swelling-induced stresses are likely to develop within a few months
of operation of a reactor. Radiation-induced volume swelling in SiC can be as high as 2%, which is
significantly higher than the cracking strain of 0.1% in SiC. Swelling-induced strains will lead to
enormous stresses and fracture, unless these stresses can be relaxed via some other mechanism. An
effective way to achieve stress relaxation is via radiation creep.

Although it has been hypothesized that both radiation swelling and radiation creep are driven by
formation of defect clusters, existing models for swelling and creep in SiC are limited by the lack of
understanding of specific defects that form due to radiation in the range of temperatures relevant to fuel
cladding in light water reactors (LWRs) (<1000°C) [1, 2]. For example, defects that can be detected with
traditional transmission electron microscopy (TEM) techniques account only for 10-45% of the swelling
measured in irradiated SiC. Here, we have undertaken an integrated experimental and modeling effort to
discover the previously invisible defects in irradiated SiC and to determine the contributions of these
defects to radiation swelling. Knowledge of the most stable defect structures and the rate controlling
processes during defect evolution is essential for development of predictive models for swelling and creep
as a function of temperature and radiation dose. This research has been enabled by state-of-the-art
imaging techniques, such as the aberration corrected scanning transmission electron microscopy (STEM)
(FEI TITAN) closely coupled with multi-scale models of stable defect clusters and their evolution.

2 lon irradiation experiments
2.1 Experimental approach

2.1.1 lon-irradiation
{0001} single crystal, hexagonal 4H-SiC (a = 3.073 A, ¢ = 10.053 A), n-doped, 4.1° off towards

[11720] £ 0.5°, with low micropipe and double-side polish from Cree and was selected for investigating
swelling by X-Ray diffraction (XRD). Single-crystal was selected for ease in strain and swelling
measurements by XRD and for minimizing defect density in the virgin material for TEM investigations.

To simulate neutron irradiation, 4H-SiC was irradiated at 600 °C, 800 °C, and 950 °C by 3.15 MeV
C* up to 0.4 dpa and 1 MeV Kr* at 600 °C and 800 °C up to 0.4 dpa and 0.8 dpa. Irradiations were
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performed at conditions at which BSDs are expected to form without introducing much strain [3] (see Fig.
2.1).

Figure 2.1 Summary of the micro- and nano-structural development in cubic SiC after neutron and self-
ion irradiation (adapted from Ref. [3]). Red and yellow squares indicate the conditions of 1 MeV Kr* and
3.15 MeV C* irradiation of 3C-SiC and 4H-SiC, respectively, in the present study.

Carbon irradiation was performed using the 1.7 MV tandem accelerator at the University of
Wisconsin, Madison under the following conditions: 3.15MeV C* (projected range R, =
2.23 yum=0.11 um) up to a fluence of 5.14x10'° C/cm?® which corresponds to 0.4 dpa at the depth of 1 um
(see Fig. 2.2, assuming threshold displacement energies of 20 eV and 35 eV for C and Si [4], respectively.
For damage level calculations, the method proposed by Stoller ez al. [S] was employed. Based on this, the
maximum carbon concentration was about 3 at.% with a majority of the C interstitials located at the end
of the irradiation range. The average current was about 4 pA, and the flux was kept at a level of
6.5x10" C/(cm®s), resulting in a damage rate of 5x10~ dpa/s. The beam was rastered (64 Hz horizontally,
517 Hz vertically) over the entire irradiation area, and its uniformity was controlled by an infrared camera.
Sample temperature, controlled by two thermocouples attached diagonally to the sample holder, was
attained by external and beam heating with fluctuations of +20 °C. The background pressure during
irradiation was kept around 107° Torr.
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Figure 2.2 Damage and C and Kr ion distributions in SiC irradiated with 3.15 MeV C and 1 MeV Kr ions
to a damage level of 0.4 dpa at the depth of 1 um and peak, respectively. Calculations were performed
using SRIM-2013[6], assuming the displacement threshold energies to be 20 eV for C and 35 eV for Si.

1 MeV Kr-irradiations (R, = 0.4 ym=0.09 um) were performed at the University of Illinois, Urbana-
Champaign, Frederick Seitz Material Research Laboratory using an HVEE van der Graaf accelerator. The
irradiations were conducted up to a fluence of either 3 x 10" Kr/cm? or 6x10"* Kr/cm?, which corresponds
to 0.4 dpa and 0.8 dpa at the damage peak, respectively (see Fig. 2.2). The maximum Kr concentration
was about 0.03 at.% (for 6x10" Kr/cm?®), which does not alter the stoichiometry of the implanted SiC
samples. The implantation spot was 6x6 mm?®, and the flux varied between 1.4x10'* Kr/(cm’s) and
3x10"2 Kr/(cm?s) (current 170 nA) yielding a damage rate of 1.7x107dpa/s to 4x10~ dpa/s. The
background pressure was about 5x107 Torr, and the sample temperature was measured by a K-type
thermocouple attached to the sample holder. The temperature uncertainty was within +£5 °C. The same
method of damage level calculation was employed as for C** irradiation. During the irradiation, all
samples were secured to the sample stage using silver paint, but only one sample was irradiated at a time
while the other three were kept heated during this period. Once the desired fluence was reached, the beam
was shifted to the next sample. In all cases, the beam was perpendicular to the sample surface, and ion
channeling was avoided as a consequence of the 4.1° off-cut angle of the virgin material.
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2.1.2  XRD measurements
Ion-induced strain and point defect swelling were measured by means of XRD. The measurements of

single crystal 4H-SiC were conducted at room temperature with a PANalytical X’pert PRO diffractometer
in Bragg (reflection) geometry utilizing Cu-K,,, radiation (A = 0.154056 nm) in combination with a hybrid
monochromator consisting of a closely coupled X-ray mirror and a 4-bounce Ge 220 monochromator
(18 arcsec resolution). By adjusting azimuthal and polar angles, the sample was precisely oriented in
order to align a given crystallographic direction exactly with the diffraction vector. The strain spectra
were measured with the [11720] direction (off-cut angle direction) in the detection plane, i.e., parallel to
the projection of the incident beam on the sample surface. The alignment was performed on the crystal
planes instead of the surface, which reduced the axial divergence. The azimuthal orientation was with the
off-cut angle direction parallel to the incident beam direction to avoid the above-mentioned axial
divergence problem. The 26-0 scans were taken at the (0004) pole with 0.001° steps, 0.5 s per step. In the
case of the off-cut samples used in this research, the XRD spectra were measured at an angle o = 4.1°
from the reciprocal lattice vector corresponding to the (0004) pole. The value of the total normal strain
was calculated from the equation

et = % = —Afcotfy Equation 2.1

where A0 is the difference between the diffraction angle 8 = (20)/2 and the Bragg angle 65, and
c=10.053 A.

To determine the fraction of the damage zone being probed by X-rays, we calculated the sample
thickness x required to reduce the amount of transmitted X-ray intensity by half (the so-called half-value
layer). The mass absorption coefficients for X-ray Cu cathode radiation in C and Si are 4.51 cm?/g and
63.7 cm?/g, respectively, giving 45.94 cm*g for SiC [7]. These values give the linear absorption
coefficient pge = 147.5 [cm™'] and x = 15 um at @ = 15°, and the X-rays thus penetrate both the substrate
and the damage zone.

2.2 Swelling results by XRD

Figure 2.3 shows 26-w scans from C-irradiated 4H-SiC plotted as a function of the scattering angle
(the bottom horizontal axis) and the total elastic strain normal to the surface (the top horizontal axis). A
spectrum from an un-irradiated sample is shown as a reference. The main sharp Bragg peak of (0004) and
intensity — denoted as I, — is located at 20 = 35.7° and comes from the unperturbed SiC crystal. All
spectra exhibit the substrate peak. However, for the irradiated samples this peak becomes broader, which
can be especially visible at the lowest temperature of 600 °C. For Kr-irradiation (see Fig. 2.4) the
substrate peak is broadened as well, however, to a lesser extent than for the C case.



Final Report January, 2016

Figure 2.3 20-w scans at (0004) pole of 3.15 MeV C-irradiated 4H-SiC up to 0.4 dpa at temperatures
between 600 °C and 950 °C. A spectrum from an un-implanted sample is shown for reference. With
increasing temperature, the strain decreases.

After irradiation, a new, asymmetric, broad peak on the low-angle side appears (see Fig. 2.3 and Fig.
2.4), coming from the damaged part of the crystal. Within the damage zone, irradiation causes a loss of
the long-range order due to accrual of point and black spot defects, which gives rise to elastic strain and
swelling. The location of the satellite peak (see Fig. 2.3 and 2.4(a)) provides information on irradiation-
induced strain. Position of the satellite peak at 20 < 205 indicates an increase of the interplanar distance,
which means that the implanted layer undergoes tensile strain along the direction normal to the surface of
the crystal and along the irradiation direction. The lack of fringes is a result of curve broadening due to
root-mean-squared (rms) strains. The width of the damage peak is inversely proportional to the width of
the damaged zone with the given level strain. Since the satellite peak for C irradiation is broader than for
Kr, this indicates that the region with the maximum strain is narrower. As shown in Fig. 2.3, strain builds
up with decreasing temperature, which indicates the presence of simple defects (e.g., interstitials and
vacancies) and a lack of extended defects, which can induce plastic relaxation. As also seen in Fig. 2.3,
the competitive effect of defect creation and annihilation shifts the satellite peak progressively towards
higher 20 angles with increasing irradiation temperature. However, even a temperature of 950 °C is not
sufficient to ensure complete defect recovery.
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Figure 2.4 (a) 20-w scans at the (0004) pole of 1 MeV Kr-irradiated 4H-SiC at 600 °C up to either
0.4 dpa or 0.8 dpa. A spectrum from an un-implanted sample is shown for reference. No difference in
strain is observed above 0.4 dpa; (b) strain and atomic displacement profiles corresponding to 1 MeV Kr-
irradiated 4H-SiC at 600 °C up to 0.8 dpa.

2.2.1 Total normal strain vs. true normal strain

In the case of the Kr-irradiated 4H-SiC (see Fig. 2.4(a)), estimating the maximum strain is
straightforward, as the XRD peaks are fairly sharp, and the intensity of the tail signal from the satellite
peak (the region above the tensile strain value of 0.9%) is comparable to the tail intensity for the
undamaged sample. The case of C-implanted SiC is more complicated, because the satellite peaks are
much broader, and the intensities of the tails of the low-angle satellite peaks are higher than for the
undamaged sample, even at strain values above 1.5% (not shown). To estimate the maximum strain, a
Gaussian function was fitted to the satellite peaks, and the expected value defined the total in-plane strain
efPt, with the standard deviation as strain error. The obtained e’ is a measure of the elastic strain
produced in a thin layer laterally confined by the unperturbed substrate. This total strain differs from the
elastic strain that would be measured in a freestanding solid (e.g., as in the case of neutron-irradiated
experiments) and therefore yields only approximate values of swelling [8-11]. To find the true strain in
the damaged zone 81(\1, and separate it from the “substrate strain” ey (result of Poisson expansion), we
follow the procedure proposed by Debelle and Declemy [12] adjusted to hexagonal <0001>-oriented
system, in which the true and the total normal strains are related through the elastic constants as follows,

efft = eff + &f Equation 2.2
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gﬁ/ — Cll + Clz - C13 Equation 2.3
81501: Cll + C12 + C13

Using the elastic constants C,;, C,,, and C,; for 4H-SiC from Kamitani et al. [13], we estimate that the
true strain to be 84% of the total normal strain. Both for C- and Kr-irradiation, the strain values decrease
with increasing irradiation temperature, indicating defect annealing. At 600 °C, the strain measured in the
Kr-irradiated material is about 27% higher than in the C irradiated samples. However, at 800 °C the strain
values for both types of ions are comparable. Kr-irradiation above 0.4 dpa at either temperature does not
result in an increase of the strain value, suggesting defect saturation.

2.2.2  XRD data modeling

Ion-irradiation entails variation of the spacing of the lattice planes as well as atom displacements from
their lattice sites. The first (ef°t,) results in an angular shift of diffracted intensity from that of the
unperturbed substrate, while the second (Debye-Waller factor M) lowers the structure factor of the
damaged region. We attempt to reproduce both phenomena by modeling the spectra of 1 MeV Kr-
irradiated 4H-SiC at 600 °C up to 0.8 dpa (see Fig. 2.4(b)) using least-square fitting based on the

approach proposed by Boulle and Debelle [14].

The lack of specific features, such as interference fringes, inhibits the possibility of an absolute
determination of strain profile. Therefore, SRIM’s damage profile was used as an initial condition for the
strain profile modeling and its shape was refined until agreement with the experimental data was reached.
Fitting was done using a classical least-square algorithm, which is a local search around the starting point.
Constraints were placed on the maximum possible value of the strain based on the position of the satellite
peak. Both strain and Debye-Waller factor profiles were fitted simultaneously and are independent from
each other. The results show that the irradiated and the underlying pristine crystal are heterogeneously
strained. Hence, in addition to the strain profile obtained (see Fig.2.4(b)), there also are some random
lattice spacing fluctuations, which turn out to be normally distributed with a root-mean-squared strain of
approximately 0.056%, which account for the broadening of both the substrate and the damage peak. The
strain profile in the damaged sample is almost flat (5’ = 0.9%), which suggests that the sample was
implanted above the defect saturation damage level. In Figure 2.4(b), a narrow region in slight
compression (i.e., with negative strain) is noticeable close to the surface (< 15 nm). This region accounts
for the high intensity at the right-hand side of the un-irradiated Bragg peak. Excluding this region the
fitted data results in a purely tensile strain profile. However, since the measured data is heavily broadened,
an absolute determination of the strain profile is not possible.

We were not able to obtain a physically meaningful D-W profile, as the measured data does not
contain enough information (due to heavy damage) to prevent the parameters from diverging. Specifically,
Fig. 2.4(b) shows the atomic displacement u from the dy, plane (in %, defined as u/d,,) calculated from
the D-W factor, with 0 meaning no displacement and 1 being 100% of displacement (amorphization). One
can see a discontinuity in the region between 0.2 and 0.3 pm, with an unphysical (> 1) DW factor (u/d,
< 0), which could indicate a change in the structure or defect clustering.
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2.3 Discussion of swelling in SiC as measured by XRD
XRD results show that for both C- and Kr-irradiation the increase of irradiation temperature leads to a

reduction of tensile strain. A higher damage level (at both 600 °C and 800 °C) in Kr-irradiated samples
causes no shift of the satellite peak, which indicates no change in strain and implies defect saturation. At
600 °C and 0.4 dpa, the measured XRD strain is lower in C-irradiated samples. In contrast, at 800 °C and
0.4 dpa, it is the same as for Kr-irradiation (see Fig. 2.5). This observation can be explained by the fact
that C is a self-ion and as such can form Cg; anti-site defects, which have a negative formation volume
(they decrease strain).

The values of swelling from XRD are compared to the previously published data in Fig. 2.5. The
label next to each data point indicates its damage level as calculated according to the procedure
mentioned in section 2.1.1. It is evident that the magnitude of swelling decreases with increasing
irradiation temperature up to 1100 °C, which is a sign of small defect recovery and lack of defect growth
due to its migration. No definite conclusion can be made about the effect of damage level or damage rate
(type of irradiation particles) on the magnitude of swelling. However, in general it seems that swelling
values derived from the total in-plane strain are higher than from other methods like TEM or linear
dimension change, which is mainly due to the fact that the effect of substrate is unaccounted for in the
XRD method. In our approach, we subtract the substrate strain from the total strain in the XRD analysis.
However, we do not exclude the swelling of the matrix caused by the extraneous interstitials (Kr, C),
which can contribute to swelling.

10
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Figure 2.5 Summary of swelling data measured by various methods (s%: true normal strain, £§: total
normal strain, AO: peak shift, Ag: density change, Al: linear dimension change, and TEM) in neutron-
(solid symbols) and ion-irradiated (empty symbols) 4H-SiC (squares), 3C-SiC (circles), and 6H-SiC
(stars). The labels indicate the damage levels in dpa of exposed samples. Sources: [1[X [IX- this work,
1181, 4r9, 111, O[15], ,®[17], ®[18], ®[19], ¥[12]

2.4 Summary of results

The ion-induced swelling of single crystal 4H-SiC was studied by x-ray diffraction (XRD) technique.
It was observed that the damage zone underwent tensile strain. The total measured value of the strain is a
result of the strain in the damage zone and the “substrate strain”, which is the result of Poisson expansion.
The tensile strain profile does not assume the shape of the damage profile calculated by SRIM and is
rather quasi-flat throughout the entire damage zone, suggesting defect saturation, which is also confirmed
by the lack of change in the swelling values with increasing damage level. True strain, which is 84% of
the total strain, reflects the actual swelling of the damage zone. It was observed that as the irradiation
temperature increased, the swelling decreased, which is attributed to defect recovery. However, it is
possible that XRD overestimates swelling, as it includes the swelling caused by a high fluence of
implanted ions (C and Kr).

3 Imagining of defects in ion irradiated SiC
We have characterized the size and density of irradiation-induced defects in 4H and 3C-SiC for both

ion irradiation and neutron irradiation. These data contribute to and validate the body of data from
previous similar measurements.

We have also made an important discovery that conventional diffraction contrast TEM and high-
resolution phase-contrast imaging significantly underestimate the density of very small defect clusters,
one nanometer or less in diameter. Low-angle dark-field STEM, a high resolution imaging mode that is
very sensitive to strain fields, detects a significantly larger density of small defects under various
irradiation conditions. These defects make some contribution to irradiation-induced swelling, but more
importantly they require significant changes in our physical models of the evolution of the defect
population, as captured in the cluster dynamics simulations.

Finally, we have discovered a new irradiation-induced diffusion mechanism for entire defect clusters
by observing their motion under the intense electron beam of a high-resolution STEM. This is also new
physics that contributes to the evolution of the cluster size distribution during irradiation.

11
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3.1 Conventional TEM characterization of ion- and neutron-irradiated SiC
Figure 3.1 shows conventional bright field, diffraction-contrast TEM images of 3C-SiC irradiated

at 800°C to (a) 0.54 dpa with krypton ions, (b) 0.48 dpa with carbon ions and (c) 30 dpa with neutrons. A
large fraction of irradiation- induced structural features are black spot defects or small clusters, which
show strain contrast in TEM images. The BSDs are mostly circular or oval in shape. These images mimic
the acquisition conditions widely used in the literature and produce similar results for the BSD size and
density as a function of irradiation conditions.

Figure 3.1 Bright field TEM images of BSDs in krypton-, carbon- and neutron-irradiated 3C-SiC at
800°C, shown in (a), (b) and (c), respectively.

Table 3.1 TEM results summary of BSDs

Irradiation . ) 23 3
Implanted Fluence Size(nm) Density (x10 m )
Samples ) Temperature
particles o (dpa)
(O
600 0.24 1.1 £0.1 29+0.1
800 0.21 1.3 0.1 22+0.1
Kr
600 0.33 1.3 0.1 42+02
4H-SiC 800 0.36 14 +0.1 43+0.3
600 045 14 +0.1 75+04
C 800 0.51 1.7+£0.1 52+0.3
1000 0.24 1.6 £0.1 24+0.1
3C-SiC Kr 600 0.51 1.8 £0.1 1.9+0.1

12
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800 0.54 1.9+0.1 1.8+0.1
300 7 1.0+0.1 21+2
500 7 1.9+0.1 7.8+0.5
Neutron
300 10 1.3+0.1 49 +7
800 10 2.7+0.2 38+03
800 30 3.5+0.3 49+04
600 0.45 1.5+0.1 45+03
¢ 800 0.48 1.7+0.2 37+£04

Table 3.1 summarizes all the TEM data of this type on ion-and neutron- irradiated 4H- and 3C-SiC.
The mean diameters of the ion-irradiated samples are mostly between 1 nm and 2 nm, and the volume

number densities are ~10”m™. For the samples irradiated with neutrons at high irradiation temperature

and dose (800°C, 10 dpa and 30 dpa), the average sizes over 2 nm, perhaps due to a larger fraction of

small dislocation loops. Sample irradiated with neutrons at low temperature yield very high defect

densities in the 10** m™ range.

13
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Figure 3.2 BSD number density vs temperature. Katoh (2006) corresponds to Ref. [20].

14
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Figure 3.3 BSD size vs temperature. Katoh (2006) corresponds to Ref. [20]. Price (1973) corresponds to
Ref. [17].

Figure 3.2 and Figure 3.3, respectively, show the irradiation temperature and dose dependence of
defect cluster sizes and number densities. The number beside each data point is its irradiation dose. The
sizes of the defects grow modestly in the range of 1-2 nm, except for 3C-SiC irradiated at 800 °C with 10
dpa and 30 dpa, while the number density of defects varies more significantly. The sizes of defects
clusters increase with elevated irradiation temperatures and dose. The densities decrease with temperature,
while increasing with irradiation dose.

Overall, these data agree with previous values in the literature in both absolute value and trend. Their
value is in extending the range of LWR-relevant conditions under, which SiC has been studied and
providing baseline data for our other defect density characterization methods, which makes them more
useful to the community.

In the ion-irradiated specimens reported in Table 3.1, BSDs were the primary defect. A large fraction
of small dislocation loops were observed in the neutron-irradiated samples at 300 °C, 10 dpa and 30 dpa,
as shown in Fig. 3.4. These weak beam dark field images were taken from the same area in two different
two beam conditions near B~[110] with g = (11-1) and (200) reflections, respectively. The loops marked
in squares show strong contrast with g = (11-1), but with g = (200); the loops in circles are strongly
visible with g = (200), but invisible with g = (11-1). The triangles identify the features existing in both
images as perhaps BSDs or perhaps small loops parallel to other planes. These loops were not seen in the
neutron-irradiated 3C-SiC at 300 °C and 7 dpa, and there were relatively sparse loops for samples at 500

15
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°C and 7 dpa. Thus, it appears that with an increase of neutron irradiation fluence and temperature, BSDs
tend to grow into loops. Other kinds of irradiation-produced defects, such as voids, cavities or dislocation
networks, were not found in any of the ion- and neutron- irradiated samples.

Figure 3.4 Weak beam dark field images of mixture of BSDs and small dislocation loops in 3C-SiC
irradiated at 800 °C and 10 dpa.

Figure 3.5 (a) Bright-field image of 3C-SiC after neutron-irradiated samples at 800 °C and 30 dpa; (b)
(c) Dark-field image of Faulted loops taken using streaks in the diffraction pattern.

Frank faulted loops were detected only in neutron-irradiated samples at 800 °C and 30 dpa. Figure
3.5(a) shows the bright-field image of edge-on faulted loops in 3C-SiC; (b) and (c) are weak beam dark
field images taken from the same area with the beam direction B near a [110] zone axis. (a) is visualized

from [HT] satellite streak, and (b) is taken from [200] satellite streak. Apparently, most of the Frank

loops preferentially occupy {111} planes, except for stacking faults that exist in the as-synthesized 3C-
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SiC, while only a very few are on {200} planes. In the electron diffraction patterns for other neutron-
irradiated SiC at 300 °C - 800 °C and below 10 dpa, no rel-rod streaks were detected.

3.2 LAADF STEM characterization of ion-irradiated SiC
Figure 3.6 shows example low-angle annular dark field (LAADF) STEM images of black-spot

defects in 4H-SiC irradiated under a variety of conditions. The strain contrast in the image was
emphasized by decreasing the STEM convergence angle to 17.5 mrad from the usual value of 24.5 mrad
and using lower a detector collection than the 50 to 250 mrad normally used in STEM imaging to produce
Z-contrast images.. The periodic bright spots are Si atomic columns. Carbon columns are not visible in
this imaging mode because they scatter electron more weakly than Si. Some patches of the atomic lattice
are darker than others. Those are BSDs, visible due to their strain field. The identification of these image
features as BSDs is confirmed by Z-contrast images of the same area, which show no dark patches, and
control LAADF images of an unirradiated part of the same TEM sample. Similar BSD contrast is also
obtained in LAADF STEM images of ion irradiated 3C-SiC.

Figure 3.6 LAADF-STEM images of BSDs and defect clusters in Kr and C-irradiated 4H-SiC, imaged
with a 17.5 mrad semi-convergence electron probe and low collection angle. (a) 1 MeV Kr irradiation at
600 °C, 0.18 dpa. (b) Kr irradiation at 800 °C, 0.30 dpa, (c) Kr irradiation at 800 °C, 0.74 dpa.
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Figure 3.7 Size distribution of STEM results and TEM results of Kr-irradiated 3C-SiC at 800 °C and
0.36. Integrated distribution is a combined TEM and STEM distribution that is used when comparing to
cluster dynamics simulations.

Figure 3.7 shows the size distribution of krypton-irradiated 3C-SiC. Characterizing defect size
distributions using high resolution imaging is fairly labor-intensive. The data set contains 543 data points
from 21 images taken in the same conditions and nearby areas in specimen. The diameters are in a range
of about 0.4 nm to 8.3 nm, and a large fraction (~74.2%) of the defects have diameters smaller than 1 nm.
The number densities present a decreasing trend with increasing sizes from 1 nm.

TEM results on the same sample and depth along the implantation profile are also presented to Fig.
3.7 for comparison. Both STEM and TEM results reveal the sizes are mostly between 0.5nm and 1nm.
The sizes distributions from TEM results are in good agreement with STEM results for diameters greater
than 1 nm. But for those smaller than 1 nm, the densities from STEM imaging are approximately 1.5
times more than those from TEM results. These results indicate that TEM imaging significantly
underestimates the densities of BSDs smaller than 1 nm.

4 Defect modeling

This section consists of four parts. In Section 4.1, we introduce the cluster dynamics (CD) framework
used in this study. In Section 4.2 we discuss predictions of the model based on known parameters for SiC.
We demonstrate that with the currently known physics of irradiation-induced defects in SiC, it is not
possible to reproduce experimental distribution of cluster sizes. In Section 4.3 we discuss potential new
physics that needs to be included in the model and we present predictions of the model with this new
physics included. We specifically demonstrate what physics is necessary to include in order to match
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experimental data. Finally, in Section 4.4 we provide predictions of swelling from our model and we
compare the results to experimentally measured swelling for SiC samples irradiated by 1 MeV Kr* at
800 °C.

4.1 Cluster dynamics (CD) method

In a mean-field CD method the evolution of density C, of cluster of size n is described by the
following equation [21, 22]

dcC .
d_tn =h + Z]n—m—m - Z]n—m—m + Qn Equation 4.1

where P, is the production rate of clusters, which comes from external factors, such as irradiation.
Jn—mon and J,, ,n+m are the net fluxes describing cluster growth, Q,, is the reaction rate of cluster n with
all other kinds of reactants except clusters and components, such as surfaces, grain boundaries, etc. Here,
we have solved equation 4.1 (for each cluster size) using Suite of Nonlinear and Differential/Algebraic
equations Solvers (SUNDIALS), a powerful ODE solver developed by Lawrence Livermore National
Laboratory (LLNL).

4.2  CD model with known physical parameters for SiC

4.2.1 Formulation and assumptions of the model

Our CD model relies on the following assumptions:

1. Migration energies of point defects and the barrier to their recombination reactions are taken from
Ref. [23]. Point defects included in our model are: carbon interstitial (C;), silicon interstitial (Siy),
carbon vacancy (V), silicon vacancy (Vs;), carbon antisite (Cs;), where C occupies Si lattice site,
and Si antisite (Sic). We also include the possibility of forming a metastable defect complex
Ve — Csi, which was firstly identified by Bockstedte er al. [24].

2. There are no vacancy clusters included in our model, which is also consistent with previous
studies that showed void swelling starts from 1100 °C— 1250 °C [20].

3. Clusters can only formed by absorbing and emitting interstitials since cluster are assumed to be
immobile due to their high migration barriers.

Under the above assumptions, master equations that govern evolution of defects in our system can be

written as
dc, .
for clusters: P Jne1om — Jnon+1 Equation 4.2
t
dCe,
for C;: ar Pe,—2-x¢c," J12 — z Xc; " Jnon+1 + Qc Equation 4.3

nz2
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dCs;
for Si;: dtll = Pgj; — 2 Xsi; " J152 — Z Xsi; * Jnon+1 t Qsi; Equation 4.4
n=2
for other point dCopp )
= Equation 4.5
defects(OPDs) dt Popp + Qopp quation

where x¢, and xg;, represent the fraction of C; and Si; in a cluster. Here these variables equal 50%,
because of our stoichiometric assumption. P¢, is the production rate of C; by irradiation, Qc, represents

the atomic fraction-changing rate due to reaction rate among point defects. The net flux among adjacent
clusters is

Jnon+1 = Bun+1Cn — Ant1Cnia Equation 4.6
where 8, 41 is the absorption rate of an interstitial by cluster n and it is defined as
Brnt1 = 21(ry + 11)D%/Q Equation 4.7

{) is the average atomic volume in 3C-SiC, r,, is the radius of the planar clusters with Burgers vector

b =[111]. Dgff is the effective diffusion coefficient of monomers that can be absorbed by cluster n. The
effective diffusion coefficient definition in multi-component system by Slezov [25]:

-1
Dgff = ( ] i + Xsiy i > Equation 4.8
Cc¢,D¢,  Csi,Ds;,

where D¢, and Dg; are the diffusion coefficient of C; and Si;.

Assuming a dilute concentration of interstitials in 3C-SiC, the real time equilibrium cluster distribution
can be derived from the classical nucleation theory as

__ AG
C, = exp (_ k_’l?) Equation 4.8

Then, the emission rate of an interstitial from a cluster follows

C AG, — AG )
n+1 = Brn+1 C_n = Bnn+1 " €Xp (_ nTn-l—l) Equation 4.9
n+1
Finally, the production rate of point defects is given by
Ppp = I'mépp Equation 4.10

where 7 is cascade efficiency and I' is the dose rate in dpa/s. SRIM calculation based on our 1 MeV Kr™*
irradiation experiments gives I' = 2.0x1073 dpa/s. &pp is the fraction of a given type of point defect
(PD) produced during irradiation. It is calculated from MD simulations of displacement cascade by
Swaminathan et al. [23].
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4.2.2 Parameters of the model

Formation energies

Formation energies of point defects in SiC are generally known and can be found for instance in Ref.
[23]. For defect clusters we considered formation energies calculated quantum mechanically based on the
density functional theory (DFT) by Jiang et al. [26] and based on empirical potentials by Watanabe et al.
[27]. While DFT is a more accurate method, it is limited to a small cluster sizes. The summary of
formation energies of clusters as a function of their size is shown in Fig. 4.1. Since energies predicted by
DFT and empirical potentials are shifted with respect to each other, we used a number of schemes to
combine these two approaches. They include “switching function” and “shifting”. Bot of these
approaches are illustrated in Fig. 4.1

Figure 4.1 Cluster formation energies of carbon and stoichiometric clusters. DFT data is taken from Jiang
et al [26], empirical potential data is taken from Watanabe et al [27].

Cascade efficiency

Cascade efficiency, 7 depends on incident atom species and energy, direction, and matrix material
composition and structure [28]. In the last thirty years various values for n have been reported from
experiments and simulations. This range of values is shown in Fig. 4.2 and in our model we will treat 1 as
a parameter fitted within a range of the previously observed values (0.001 to 1).
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Figure 4.2 Cascade efficiencies from Refs. [29-42]. Red circles and black squares correspond to
simulation and experimental results, respectively.

4.2.3  Results
Cascade efficiency in our simulations was chosen by minimizing the root mean square deviation
(RMSD) defined as

5 0.5
RMSD = (%Z(cfim — cf’f?’f) Equation 4.11
1

Cfim and C;™", respectively, represent simulation and experimental concentration of clusters with i
defects. Only clusters with diameters equal or smaller than 2.5 nm are taken into account (corresponding
to the first 5 columns in Fig. 4.3). Interestingly, the results are not strongly dependent on the specific

functional form of cluster formation energy vs cluster size (Fig. 4.1). Therefore in our results we picked
one method that involves the switching function.

The best fit (lowest RMSD) to experimental data yields = 0.007 (based on the RMSD data and on
comparison of the total number of interstitials trapped in clusters observed in STEM experiments and in
simulations). This value of 1 is on the very low end of the range of cascade efficiencies seen previously in
SiC. However, even for such low efficiency, there is a significant discrepancy between simulation and

experimental data (see Fig. 4.3) and increasing m) makes the deviation from experiments larger.

The data in Fig. 4.3 shows that in the current version of the CD model (which includes known physics
for irradiated SiC) the cluster nucleation phase is too short and the growth of clusters is too fast compared
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to experiments. In subsequent sections we will explore what potential physics can alter this behavior and
bring a better agreement with experiment.
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Figure 4.3 Simulation results with different cascade efficiencies. Red color corresponds to experimental
values.

4.3 Effects of new physical phenomena in irradiated SiC on predictions of the CD model

4.3.1 Physical phenomena that may be present in irradiated SiC
Intra-cascade cluster production

It is possible that some of the clusters form directly in the cascade, instead of arising from interaction
of point defects in the cascade settling stage. This phenomenon was found to be necessary to be included
in CD models of irradiated tungsten, molybdenum, and iron in order to reproduce experimental cluster
distributions [43-46]. Since there is currently no model predicting the size distribution of clusters
produced in the cascade as a function of the PKA energy, we adopted the functional form for such
distribution from Xu et al. [43] and we scaled the function to match the total production of C and Si
interstitials produced in SiC, according to Swaminathan et al. [47].

Cluster mobility

We have recently discovered using accelerated MD simulations that although defect clusters in SiC
have inherently high energy barriers (> 4 eV) and therefore they are expected to be immobile up to
1,200K, these clusters may become mobile under radiation. The dependence of migration energy barrier
on cluster size is unknown in SiC and therefore here we adopt an approximation proposed by Xu et al.
[43]. In this method, pre-factor decrease as a power law with increasing cluster size while migration
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barriers are constant when size is smaller than 10 and larger than 20, and increase linearly when the size is
between 10-20.

Cluster morphology

Although larger black spot defects and dislocation loops (as observed in TEM) have been shown to be
mainly planar in irradiated SiC [3, 20, 48], very small clusters can be non-planar [20, 49]. This assertion
has been verified by atomistic simulations of Jiang et al. [26, 50]. Our inspection of STEM images
reveals that on the average approximately 59 % of cluster smaller than 1nm lie within the {111} planes,
and among clusters larger than 1 nm about 82% of cluster lie within the {111} planes with +30° angle
error bar. These results show that during irradiation and cluster evolution, there is a non-negligible
fraction of clusters that do not lie on the {111} planes. These out-of-plane clusters likely have different
properties than the in-plane clusters. Since larger clusters and loops are observed mainly to be in-plane
therefore we assume here that the out-of-plane clusters do not grow. Since these clusters are still observed
in our sample, we assume that they do not dissolve or annihilate with vacancies (because of high vacancy
migration barriers in SiC). Again, the functional form for production of out-of-plane clusters is not
available, and here we assume a common power law function and treat the parameters of the function as
adjustable in our model.

4.3.2  Results of the adjusted model

In Fig. 4.3 we have shown that CD model that includes known physical phenomena for irradiated SiC
underestimates cluster production for very small clusters. One possible way to increase concentration of
small clusters would be to increase concentration of point defects (by increasing cascade efficiency),
which then can accumulate and nucleate many small clusters. However increasing cascade efficiency does
not yield results consistent with experiments (see Fig. 4.3) because it leads not only to faster nucleation,
but also to faster cluster growth. In fact increasing cascade efficiency makes the already poor agreement
between simulations and experiments even worse. Following other authors’ approach to increasing
concentration of small clusters (see Section 4.3.1 for discussion), we have introduced intra-cascade cluster
production in our model. However, we found that introducing intra-cascade cluster production alone does
not lead to a reasonable agreement with experiments. As shown in Fig. 4.4, although the concentration of
small clusters increased, the growth of clusters has been significantly suppressed because most of the
point defects are trapped as small clusters and the driving force to cluster growth is significantly reduced.
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Figure 4.4 Comparison of experiment and simulation of CD model that includes intra-cascade cluster
production.

We have next introduced mobility of in-plane clusters formed during irradiation (while keeping the
out-of-plane clusters immobile and unable to grow). Since mobility of small clusters enables their
coalescence, this process allows for growth of a certain fraction of clusters. With this phenomenon
included in our model, it is now possible to reproduce experimental STEM data (Fig. 4.5).
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Figure 4.5 Comparison of results from STEM experiment and CD simulations that include intra-cascade
cluster production, mobile cluster and out-of-plane cluster production.

Although inclusion of intra-cascade cluster production, mobile clusters and out-of-plane cluster
production is speculative, there is some evidence that these phenomena can be present in irradiated SiC.
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In addition our simulations demonstrate that with the current understanding of fundamental radiation
effects in SiC, it is not possible to reproduce experimental cluster distribution in this material. Our results
provide new insights into what other defect-related phenomena may be active and what is their role on
defect evolution in irradiated SiC.

5 Characterization of neutron irradiated SiC

5.1 Evaluation of neutron irradiation creep
Irradiation experiment and evaluation of irradiation creep strain was conducted under support by

Office of Fusion Energy Sciences, U.S. Department of Energy and US—-Japan TITAN Collaboration on
Fusion Blanket Technology and Materials. The additional microstructural analysis in Section 5.2 is
conducted in this project. The material used was high purity monolithic CVD SiC produced by Rohm &
Haas (currently Dow Chemical Co., Marlborough, Massachusetts). Specimens were annealed in a flowing
argon environment at 1900°C for 1 h before machining to remove the pre-existing defects such as
stacking faults. Irradiation creep behavior was investigated by using bend stress relaxation (BSR) tests.
Initial applied flexural stress was up to ~300 MPa. Details of test procedure and method to evaluate creep
strain can be found elsewhere [51, 52]. Neutron irradiation was conducted at the High-Flux Isotope
Reactor (HFIR). The specimens were irradiated at ~400—~500 °C up to 31 dpa-SiC (1 dpa = 1.0 x 10
n/m” (E > 0.1 MeV) is assumed). The damage rate was ~1 x 10 dpa/s.

Creep coefficient, which is normalized creep strain with respect to stress and neutron fluence is used
to be an indication of creep rate [51]. The instantaneous creep coefficient (K) is defined by:
€2~ &

K=——— Equation 5.1
o(y2 —11) q

where v, and v, (y, < y,) are neutron fluences, o is average stress during irradiation, and &; and &, are
irradiation creep strains following irradiation at a fluence of y; and v,, respectively. The coefficient
divided by stress is reasonable because liner relationship between applied stress level and creep strain was
confirmed in this study and also in previous work [51]. The creep strain was obtained from BSR tests.
Figure 5.1 shows fluence dependence of the instantaneous creep coefficient of CVD SiC. The highest and
lowest horizontal error bars indicate the fluence of v, and y, for each data point, respectively. The vertical
error bars show one standard deviations. The creep coefficients for low dose were obtained in our
previous study [51]. The creep coefficient rapidly decreases with increasing fluence up to ~1 dpa, and
then the creep coefficients appeared to be constant of ~1 x 107 [MPa™ dpa’'] at 380 to 540 °C. Figure 5.1
also shows creep behavior based on models such as swelling-creep coupling[51] and secondary creep
with constant creep coefficient. The swelling coupling creep is explained with anisotropic swelling due to
anisotropic SIA defects formation under applied stress. The important findings from Fig. 5.1 are: 1)
irradiation creep operates in SiC up to 30 dpa; 2) the creep behavior is described with simultaneous
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transient creep of swelling-creep coupling model and secondary creep; and 3) the creep rate is very slow
above 1 dpa. The creep mechanism will be discussed based on microstructural evolution.

Figure 5.1 Neutron fluence dependence of instantaneous creep coefficients of CVD SiC materials [20].

5.2 Microstructural evolution under irradiation with applied stress
Microstructures of irradiated SiC material were investigated using TEM. The TEM foils were taken

from uniaxially tensile-stressed area of the creep specimens. Details of the specimen fabrication
procedure are described in elsewhere [53]. The specimen was prepared using a Fischione model 1010
argon ion-milling operated at 3-5 keV. Irradiation defects were observed using a Philips Tecnai 20
operated at 200 kV.

Observed microstructural defects were small clusters, loops, stacking faults, and grain boundaries.
The stacking faults and grain boundaries were originally exist in the material. No obvious change in these
pre-existing defects was confirmed. Figure 5.2 shows TEM dark field images with small defect clusters in
the creep specimen irradiated at 500 °C to 11.6 dpa. The two micrographs were taken from similar
location, but taken using different g vector. One g vector is near parallel to the stress axis, and the other is
near perpendicular to the stress axis. Average defect size and the number density are ~3 nm and ~1x10%
m™, respectively, in both images. The point to evaluate microstructure of creep specimen is investigation
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of anisotropy of defect formation due to applied stress. However, the anisotropy was not identified for the
small defect clusters in dark field images with various different g vectors in this study.

Figure 5.2 Weak beam dark field images of CVD SiC specimen irradiated at 500 °C to 11.6 dpa with
applied stress. The imaging conditions and tensile stress axis are indicated in micrographs.

Dislocation loops in the creep specimens were selectively observed by using dark field imaging with
streak to evaluate anisotropy of loop formation. The habit plane is {111} family of planes. The edge-on
loops were taken from [110] direction as shown in Fig. 5.2. A pair of streak images for certain irradiation
condition was taken from identical area, but taken using different streak indicated in the diffraction
pattern. Line shape of the loop was adjusted to lie near perpendicular or parallel to the stress axis in the
micrographs. The former loop lies on stressed {111} planes and the latter lies on non-stressed or less
stressed {111} planes. Following irradiation at 500 °C to 11.6 dpa, the loops with very small number
density were observed mostly perpendicular to tensile stress axis. As increasing fluence to 30 dpa, larger
dislocation loos were clearly observed. In addition, the applied stress during irradiation effectively
increased the number density of the loops on stressed planes comparing to less stressed planes. The
average loop diameter was 7-9 nm independent on the relationship between stress axis and loop formed
plane. Summary of microstructural evaluation is that 1) applied stress increased number density of loop
on stressed planes and 2) the loops grow with increasing fluence.

28



Final Report January, 2016

5.3  Possible creep mechanism
Mechanism of radiation creep is discussed based on anisotropic microstructural evaluation during

irradiation. Anisotropy was found in dislocation loops formation on {111} planes in this study. Those
relatively large loops formed in irradiated SiC are likely Frank faulted loops [51]. Larger number of Frank
loops on the stressed planes comparing to less stressed planes were clearly observed at ~500 °C. Since
forming Frank loop (additional planes) accounts for strain, observed anisotropy phenomenologically
explains larger strain to stress direction, i.e. creep strain. However, it is difficult to quantitatively explain
irradiation creep strain of SiC at this moment. This is because observed dislocation loops account for only
small fraction of dimensional stability, i.e. swelling of CVD SiC. Assuming stoichiometric Frank loop
formed in SiC, observed loops account for less than 10 % of macroscopic swelling of CVD SiC in this
work.

Previous studies on irradiation creep of SiC at lower neutron fluences indicate that anisotropic
formation of TEM-invisible (conventionally) defect clusters due to stress and they significantly contribute
to the creep strain [51, 54]. That is also the case for this study. Since recent ion irradiation study indicates
that the orientation of SIA loops and clusters is determined very early stage of irradiation [54], the
observed anisotropic loop formation with relatively large size show possible anisotropic formation of
small defect clusters. In conclusion, this study indirectly shows that anisotropic formation of small defect
clusters due to applied stress and the significant contribution of that anisotropy to irradiation creep strain
of SiC.

5.4 Summary of results

Neutron irradiation creep behavior of CVD SiC at 380 to 540 °C up to 30 dpa is reasonably explained
with simultaneous swelling-creep coupling based on anisotropic SIA defect formation and secondary
creep with constant creep rate. Applied stress effectively increases number density of loops on stressed
{111} planes in the creep specimen. Analysis on creep behavior and microstructural observation
indirectly show that anisotropic formation of small defect clusters due to applied stress and significant
contribution of that anisotropy to irradiation creep strain of SiC.
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Role of Defects in Swelling and Creep
of Irradiated SiC

OVERVIEW
Purpose:

Perform an integrated experimental and modeling research to discover the previously
invisible defects in irradiated SiC and to determine the contributions of these defects to
radiation swelling and radiation creep.

» Analyze neutron, self-ion and possibly inert gas irradiated single crystal and
polycrystalline SiC samples to identify defect structures

+ Apply STEM imaging simulation technique to characterize clusters point defects
that comprise the clusters visible in conventional TEM in 3C SiC.

» Assess concentration of detectable point defects in ion irradiated 3C-SiC as a
function of dose, temperature, and ion species on selected samples.

» Develop a model for evolution of defect clusters in irradiated SiC and determine
the contribution from these clusters to radiation-induced swelling under conditions
relevant to Light Water Reactors(LWR)
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Outcomes:

Knowledge of the most stable defect structures and the rate controlling processes during
defect evolution is essential for development of predictive models for swelling and creep as
a function of temperature and radiation dose.

The proposed research will lay the essential groundwork for adoption of SiC in light-water
reactors, including rigorous design of SiC-based composites for fuel cladding.
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Fig. 2. Summary of swelling
measured by different methods

Fig. 3. Size distribution of defect
clusters from STEM experiments
and cluster dynamics simulations

Carried out simulations of HRSTEM images of carbon interstitial clusters in SiC
Quantified swelling in irradiated SiC using XRD and compared the results to
predictions from cluster dynamics model combined with STEM analysis

Evaluated radiation creep and microstructural evolution in neutron irradiated samples
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